Astate-of-the-art operando spectroscopic technique is applied to Co/TiO 2 catalysts,which account for nearly half of the worldst ransportation fuels produced by Fischer-Tropsch catalysis.This allows determination of,ataspatial resolution of approximately 50 nm, the interdependence of formed hydrocarbon species in the inorganic catalyst. Observed trends show intra-and interparticular heterogeneities previously believed not to occur in particles under 200 mm. These heterogeneities are strongly dependent on changes in H 2 /CO ratio,but also on changes therebyi nduced on the Co and Ti valence states.W e have captured the genesis of an active FTS particle over its propagation to steady-state operation, in which microgradients lead to the gradual saturation of the Co/TiO 2 catalyst surface with long chain hydrocarbons (i.e., organic film formation).
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Heterogeneous catalytic reactions such as the Fischer-Tr opsch synthesis (FTS) of long-chain hydrocarbons are dynamic and complex, often comprised of inorganic (catalyst) and organic parts (reactants and products). Conventional and widely applied spectroscopic techniques often focus on either the organic part (e.g., vibrational spectroscopy) or on the inorganic part (e.g., X-ray spectroscopic techniques). The combination of both inorganic and organic information shows great promise to answer long-standing questions about complex catalytic reactions.T he FTS propagates through ac omplex surface polymerization process of adsorbed C 1 reaction intermediates derived from synthesis gas (a mixture of CO and H 2 ). [1] [2] [3] [4] [5] [6] [7] Cobalt-based FTS catalysts are an integral part of this gas-to-liquid (GTL) process because of their high wax selectivity and relatively high stability. [8, 9] Theactivation and deactivation of these cobalt nanoparticles supported on an inorganic oxide,such as Al 2 O 3 or TiO 2 ,isbelieved to occur through am ultitude of mechanisms,h owever consensus in literature is often still lacking. While the literature is imbued with proposed deactivation mechanisms, [5, 10, 11] the equally interesting catalyst activation period is often overlooked. [12, 13] During the day(s)-long activation or induction period (which is highly dependent on reaction conditions and the catalyst), FTS catalyst particles are believed to be gradually saturated by afilm of long-chain hydrocarbons,followed by pore filling through which further reactants must diffuse. [12, 14, 15] The complexity of the FTS process is also captured in the myriad of proposed deactivation mechanisms,w hich are generally related to the conversion of the active phase, considered as metallic cobalt, into an inert phase.F or example,cobalt reoxidation or carburization, [16, 17] the formation of support oxide-cobalt species occurring through strong metal-support interactions (SMSI), [8, 18, 19] the loss of active cobalt surface area arising from crystalline growth (i.e., metal sintering), [11, [20] [21] [22] and finally fouling for example by hydrocarbon deposition in the form of various carbon species formed at the cobalt surface. [11, [23] [24] [25] Thed ynamic interplay of these different activation and deactivation mechanisms necessitates studies under-or approaching-true reaction conditions.P assivation, or for example,c hanges in the samplesg aseous environment can significantly alter the state of aFTS catalyst, and hence have to date prevented ac omplete understanding of the catalyst material under relevant conditions. [26] [27] [28] [29] Operando characterization studies can greatly advance our knowledge of working catalyst systems providing nanoscale chemical information on both the organic (products and reaction intermediates) and the inorganic (metal and support) constituents of the catalyst material under operating conditions (i.e., high temperatures and pressures and reactants). [30] Thedevelopment of scanning transmission X-ray microscopy (STXM), which is acombination of microscopy and X-ray absorption spectroscopy,under operating conditions and with on-line activity data, presents the imperative qualities necessary for understanding complex catalytic systems.
In this work, we present an operando STXM study of aC o/TiO 2 FTS catalyst operated under various FTS conditions (493 K, 1-4 bar and 1:1, and 2:1H 2 /CO feed) over extended periods of time (i.e., 3days). Thet echnique allows mapping of single catalyst particles (i.e., several Co nanoparticles supported on grains of TiO 2, schematic in Figure 1 and STEM-EDX in Figure S2 ) at as patial resolution of approximately 50 nm in the soft X-ray regime (200-2000 eV), which offers the unique ability to detect both the full range of reactants and intermediates (through the CK-edge), and the inorganic constituents of the catalyst (through both the Co and Ti L 2,3 -edges) including their chemical state.A long with on-line product analysis by mass spectrometry (MS), this approach is highly suitable for an in-depth operando nanospectroscopy study.T he main challenge that arises with the use of STXM is the strong absorption of the relatively lowenergy synchrotron photons needed to study for example,the CK -edge,l imiting the thickness of samples that can be analyzed. Forthis reason we used amicro-electromechanical systems (MEMS) reactor, which allows measurement of individual catalyst particles at both elevated temperatures and pressures [26, 31] (Figure 1 ).
TheCo/TiO 2 FTS catalyst was characterized and tested by XRD,H 2 -TPR, SEM-EDX, and N 2 -sorption, and details of these characterization data can be found in the Supporting information. Furthermore,t he catalysts were extensively tested in aclassical fixed-bed reactor setup (high-throughput setup by Avantium). Figure 2s hows the activity data for the 15 wt %C o/TiO 2 catalyst samples tested at 1:1H 2 /CO ratio. Every hour,t he reaction products were analyzed by on-line gas chromatography (Varian 430 GC;F igure 2a-d summarizes the activity,s electivity,p araffin to olefin ratios,c haingrowth probability and Co time-yield (CTY,m oles CO g Co À1 s À1 )) versus time.I ndustrial FTS catalysts often run for weeks or months on end, yet in the first few days of catalytic testing we can already see ad rop in activity and ac hange in selectivity ( Figure 2 ). Though technically al oss in activity such as that observed can be described as deactivation;t his initial loss in activity can also be seen as activation;" breaking-in" of the catalyst particle, [14, 15] or the propagation of the catalyst system to steady state operation as evidenced by adecline of the slope in activity in Figure 2a (up to 90 hours), and Figure S20 for 275 h. Thes electivity to methane (C 1 ), C 2 -C 4 ,a nd C 5+ FTS products stabilize in the steadystate at 10 %, 15 %a nd 75 %, respectively ( Figure 2b ). Deactivation rather,i st he irreversible formation of for example, carbides,g raphite,o rf or example white coke, [1] which further decreases the catalytic activity from steady-state operation to lower, or no activity.
As this activation period is often overlooked or incorrectly assumed to be deactivation, it can provide clues to the overall working state of the industrial FTS catalyst. We thus set out to investigate this up to 50-60 hour period with operando STXM;o ver the onset of steady-state catalysis during the first few days of FTS operation.
In the Supporting Information (see section "Supplemental results of particles Xand Y"), aset of tests are presented that determine the setupsresponsivity and to verify whether the conditions we apply are those of aw orking catalyst by performing operando STXM measurements with several 
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Zuschriften catalyst particles.Feedstock switches between 2:1and 1:1H 2 / CO are shown to correspond to spectral features,a nd mass spectrometry data. Furthermore,anindication of acorrelation between aslightly higher Co valence state and Cbuildup was found.
After confirming that the FTS operando STXM system worked, we further performed in situ measurements on anew catalytic reactor in order to examine the gradual activation of the FTS catalyst. Before catalysis,t he state of Co in the catalyst was characterized by STXM at room temperature under He flow (fresh and reduced particles in Figure 3 ). During catalysis,the CK-edge,CoL 2,3 -edges ( Figures S13-16 , S22-24) and Ti L 2,3 -edges ( Figure S26 and S27) were recorded consecutively.T he catalyst was reduced at 723 Kf or 16 h under 1bar of H 2 .
Thec atalyst particle hereby produced will be referred to as Z, shown in Figure 1-4 and elaborated on in the Supporting Information "Supplemental results of particle Z". Te mperatures and pressures were chosen to mimic those employed for the classical fixed-bed study,a lthough it must be noted that the gas hourly space velocities will inherently be different because of the small volume of the nanoreactor employed in the STXM study.
Based on the measured Co L 2,3 -edge spectra of catalyst particle Zi nF igure 3a,i tc an be concluded that the catalyst particle is reduced with respect to the initial state.However,it also contains some features which relate to slightly higher Co valence states as can be seen in the reference spectra ( Figure 3a )b ut is not unusual based on previous work on Co/TiO 2 FTS catalysis. [27, 29, [32] [33] [34] We believe uncertainties in normalization of the soft-XAS (e.g., unknown contributions of metallic and Co 2+ and the required knowledge thereof to properly normalize) are prone to misrepresentation of the observed spectral features making atrue quantitative analysis of the oxidation states impossible.H owever,q ualitative features such as for example,t he narrow L 3 -edge with at ripeak edge feature allow us to discern the presence of ah igh degree of metallic Co in catalyst particle Z, but with ahigher amount of Co 2+ species than particles Xand Y. The reduction behavior of Co/TiO 2 catalysts follow at wo-step process.T he first step consists of the reduction of Co 3 O 4 into CoO,f ollowed by the reduction from CoO to metallic Co. This second step only starts when all the Co 3 O 4 is converted. Thus no Co 3+ is present in the catalyst.
Thec obalt and carbon XANES for particle Za re displayed in Figure 3 . These spectra were averaged over the whole catalyst particles,and thus contain no spatial information. However,f rom Figure 3 , it already becomes clear that the overall amount of Cs pecies (edge-jump) is increasing which is an indication of the gradual saturation of the catalyst particle pores with hydrocarbons (hydrocarbon film). [14, 15] Table S1 lists important observed features and their spectral assignment as used in this work. Fore xample, conjugated or unsaturated carbonaceous species (with acharacteristic X-ray absorption feature at 285 eV), increase with increasing reaction time.Itisimportant to note here that the gradual build-up of hydrocarbon deposits correlates well to the time period for what has been defined as the activation, or "breaking-in" period, where the gradual saturation of the different catalyst particles with hydrocarbon deposits occurs (Figure 2, and Figure 3 ). [14] Furthermore,w eo bserve an overall increase of am ultitude of hydrocarbon species with CÀCb onds (characteristic spectral features in the range of 291-293.5 eV). From the ratio between the C = C p*f eatures at 285 eV and the C À H s*f eatures around 288 eV,w ek now that with increasing time-on-stream these hydrocarbon deposits vary greatly in degree of saturation ( Figure 3 ). In the following we discuss the effect of localized heterogeneities in the degree of reduction/oxidation in Co/TiO 2 FTS catalysts by examining the CK -edge spectra in more detail. Figure 4 shows the sequence of the chemical maps generated from PCA and subsequent clustering evaluated at the CK -edge recorded for the particle under working conditions,a dding spatial information to the CK -edge spectra displayed in Figure 3b .T he first carbonaceous species,d etected after 0.5 h, are O-containing ones,a se videnced by the distinct feature at 290 eV.Precursors to olefinic species seemed to be more in the shell of the catalyst particle (that is,the outer part of the porous,1mmlarge Co/TiO 2 particle) after 17 htime-onstream. Particles of this size are not expected to be limited by (reactant) diffusion, [35, 36] however slight heterogeneities in the distribution of Co nanoparticles on the TiO 2 support are likely to cause localized long-chain hydrocarbon deposit build-up. Ther elatively low pressure of these experiments is in agreement with this explanation, as higher pressure would facilitate their solubility in the film. Furthermore,t he CKedge peaks at 288 and 290 eV become increasingly pronounced, indicating the presence of more aliphatic CH x species.T he presence of more unsaturated, either aromatic 
Zuschriften or olefinic in nature,c arbon-containing species are more marked in the core of the Co/TiO 2 catalyst particle,whereas in the shell of the catalyst particle,s aturated C À C s-transitions arise.T he presence of as econd feature at 286.5 eV,w hich is already visible at 17 h, becomes more pronounced after 26 h time-on-stream, and indicates the presence of polynuclear aromatic,o rhighly unsaturated hydrocarbon species.
After 26 ht ime-on-stream, the shell-like structure of the hydrocarbon species distribution becomes even more visible. As also previously noted by our group,o perando Raman spectroscopy can show that the nature of hydrocarbon deposits clearly changes over the first days of FTS. [32] Additionally,alarger edge-jump towards the inner core of the catalyst particle indicates the formation of more C-containing species at this location as can be seen in the carbon intensity maps in Figure 4 . These maps were based on the edge-jump magnitude of each pixel, for each chemical image sequence. Interestingly,a fter 45 ho fF TS, an intermediate state of hydrocarbon species is observed, where all-aliphatic CÀHspecies are consumed in the production of unsaturated and saturated C À Cc arbonaceous species.F urthermore,t his "transition phase", where most carbonaceous species are unsaturated, is shown to be primarily located within the inner core of the catalyst particle.I nterestingly, thus it appears that reduction of the higher Co valence state (suboxide species), based on Co spectra in Figure 3c is correlated to the hydrocarbon transition phase.That is,the particle contains more Co 0 (that is,metallic or carbidic Co,a sn od istinction can be made from Co L 2,3 spectra alone) between 40-50 h, and subsequent saturation of hydrocarbon species on the particle may bolster findings in that literature that suggest suboxide species are promotors for olefinic hydrocarbon synthesis in FTS· [32] However,i ti sa lso plausible that the gradual saturation of the hydrocarbon "film" on the catalyst surface emerges from the inside outwards leaves more time for the reinsertion and hydrogenation of unsaturated hydrocarbons on the outside of the particle. [14, 15] Ther elative amount of hydrogen in the hydrocarbon species after 45 hi sl ow,a st he corresponding aliphatic CÀ H, and COOH features between 287-289 eV are absent. The ratio of olefinic to aliphatic species is plotted in Figure S24 . Here,this transition phase can also clearly be seen to emerge at around 45 ht ime-on-stream. It should be noted that in STXM analysis, I 0 ,which is used to determine the OD of the sample,isobtained from the area without sample in the same field of view.Contributions to absorption that are not caused by the sample (e.g., from reactor windows,surrounding gases, etc.)a re therefore removed. Thus we expect no contribution of for example,gaseous CO to the Cspectra.
Furthermore,a t4 5h of FTS it is clear that unsaturated hydrocarbon species occur more towards the outside of the Co/TiO 2 catalyst particle,w hile the particle core contains unsaturated as well as CÀCs ingle bonds. Finally,atareaction time of 45 hand beyond, there is an indication of O-containing aromatic species,s uch as benzoquinone-type species, [37] [38] [39] [40] in the shell of the catalyst particle, which are commonly linked to an X-ray absorption edgeshoulder feature at 284.2 eV,a lthough the true origin of this species cannot yet be provided. This trend is further noticed in all subsequent spectral image sequences up to 65 h. Furthermore,atand after 45 hofreaction we observe two clear coreshell-like features,w hich are consequently clustered in the same or similar location on the catalyst particle (i.e., the two dark circular areas on the clustered chemical maps). Furthermore,t he fact that this intensity is present both in clustered data, and in the carbon K-edge-jump intensity maps plotted in Figure 4 , tells us that these species are not only chemically different, but there is also more carbon present where these species are located. Interestingly these spots are also seen in the Co chemical images from the start of the FTS reaction, and they correlate to ah igher edge-jump,o rm ore cobalt ( Figure S24 ). Thef act that these spots merge after 51.5 hcan indicate the redistribution of cobalt, which is linked to the formation of carbon in Figure 4 , consistent with previous findings from our group. [27] Additionally,i nF igure 4as mall feature at 288.3 eV emerges inwards,f rom the particle shell to the particle core, which is continued at 47 hi nF igure 4. Thus it seems that hydrogenation of the unsaturated carbon-containing species occurs from the outside inwards,t hat is,f rom the particle surface to the particle core.One may argue that the two spots, which continue to appear after 45 ho fF TS onwards may be due to at hickness effect or an attenuation length issue as these features both appear near the core of the particle. However,n op re-edge oversaturation was observed and optical density was corrected for (see section "Data Analysis" in the Supporting Information).
In summary,from this operando nanospectroscopic study of chemically speciated carbonaceous deposits of aw orking Co/TiO 2 Fischer-Tropsch catalyst, we can conclude that hydrocarbon deposits (differing in their chemical composition) form af ilm on the surface of the catalyst particle,w ith inter-and intraparticle heterogeneities.These heterogeneities can be correlated to slight changes in the local Co oxidation/ valence states.F urthermore,t he gradual build-up and shift from short-chain hydrocarbons to longer-chain hydrocarbons is shown to occur. Furthermore,a se videnced by particles X and Y( discussed in the Supplementary information), compared to particle Z( discussed in the main text), the catalyst particle with slightly higher Co valence state,h ydrocarbon build-up becomes significant. This suggests slight oxidation is closely related to catalyst a,a sp reviously suggested. [14, 15] In fact, the presence of higher Co valence state can be correlated to the degree of saturation in the observed carbon species. Further investigation is necessary to determine whether this relationship is causal or merely correlative.O ur data further suggest that much of the ongoing debate in literature with respect to location and type of coke species can be sparked by slight changes in the local oxidation state of cobalt, even within one catalyst particle and sample.
